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75As and 139La NMR results of LaFeAs(O1−xFx) (x=0, 0.025, and 0.04) were reported. Upon
F-doping, the tetragonal-to-orthorhombic structural phase transition temperature TS, antiferro-
magnetic transition temperature TN and internal magnetic field µ0Hint are gradually reduced for
x < 0.04. However, at x = 0.04, TN is abruptly suppressed to be 30 K along with a tiny
µ0Hint, which is distinct from the continuous disappearance of the ordered phases in the Ba122
systems of Ba(Fe,Co)2As2 and BaFe2(As,P)2. The anisotropy of the spin-lattice relaxation rate
T−1
1
, (T1)
−1
H‖ab/(T1)
−1
H‖c, in the paramagnetic phase of x = 0 and 0.025 is constant (∼ 1.5), but
increases abruptly below TS due to the enhancement of (T1)
−1
H‖ab
by the slowing down of magnetic
fluctuations. This indicates that the tetragonal-to-orthorhombic structural distortion enhances the
anisotropy in the spin space via magnetoelastic coupling and/or spin-orbit interaction.
PACS numbers: 76.60.-k, 75.50.Ee 74.70.Xa
In the “1111” iron-arsenide RFeAsO (R = rare earth
elements), a tetragonal-to-orthorhombic structural phase
transition occurs at TS, while a stripe-like antiferromag-
netic (AF) ordering occurs at a slightly lower tempera-
ture at TN .
1 In contrast, in the low-Tc iron-phosphide
superconductor LaFePO,2 there are neither AF order-
ing nor structural phase transition, suggesting that they
may be essential for the high-Tc superconductivity in
iron-based superconductors. Understanding the con-
nection between magnetism and structural distortion in
LaFeAsO is the first important step toward clarifying
their relation to the high-temperature superconductiv-
ity. Until now, however, the relationship between the
structural and magnetic phase transition is an open ques-
tion. The structural transition has been suggested to
arise from various kinds of electron order such as spin
nematic ordering3,4 and orbital order.5,6 Recent experi-
ments on detwined samples found strong anisotropy in
the electronic properties of the orthorhombic phase, sug-
gesting an underlying electronic nematic state.7,8 It has
been proposed that the structural distortion involves a
change in the orbital configuration.9
In this paper, we report 75As and 139La NMR results in
LaFeAs(O1−xFx) (x =0, 0.025, and 0.04). F-doping sup-
presses TN and TS rapidly at x ∼ 0.04, and the first-order
like transition against F content is realized at x ∼ 0.04,
which is consistent with previous reports. Such a sudden
disappearance of the ordered phases is in acute contrast
with the Ba122-type iron-based superconductors where
the ordered phase is continuously suppressed by chemi-
cal substitution. In the paramagnetic phase, (T1T )
−1 ex-
hibits anisotropic behavior [(T1T )
−1
H‖ab, measured in the
magnetic field perpendicular to the c axis, is 1.5 times
larger than (T1T )
−1
H‖c, measured in the magnetic field par-
allel to the c axis,] and becomes more anisotropic below
TS, indicative of the presence of magnetoelastic coupling
and/or spin-orbit interaction.
Polycrystalline samples of LaFeAs(O1−xFx) (x =0,
0.025, and 0.04) were grown by solid state reactions.10
Powder x-ray diffraction indicates that they are mostly
of single-phase and contain only a small amount of FeAs
(∼1%). The x values were determined by lattice con-
stants using Vegard’s volume law. The error in the dop-
ing level is evaluated to be less than 0.5 %. Previous
electrical resistivity, susceptibility,10 specific heat,11 syn-
chrotron x-ray diffraction,12 Mo¨ssbauer13 and NMR mea-
surements14,15 showed TS ≃ 165 K and TN ≃ 142 K
for LaFeAsO. A superconducting (SC) transition deter-
mined by zero resistivity was observed at Tc = 16.3 K in
x = 0.04, but was not observed in x = 0.025.
First, we show the evolution of TN and the internal
magnetic field µ0Hint upon F doping revealed by
139La
NMR spectra. Figures 1 (a) and (b) display 139La NMR
spectra of our powdered samples of x = 0.025 and 0.04,
which are obtained by sweeping magnetic field at a fixed
frequency of 40.5 MHz. 139La NMR spectra of x = 0.025
becomes broadened due to the appearance of µ0Hint be-
low approximately 120 K, and three peaks were observed
at 10 K (Fig. 1 (a)). These peaks were assigned as follows;
one peak at µ0H ∼ 6.8 T corresponds to H ‖ ab and the
remaining two split peaks correspond to H ‖ c since the
ordered Fe moments induce Hint parallel to the c axis at
the La site.16 The spectrum at 10 K is reproduced con-
sistently by powder lineshape simulations based on the
2above assignment. From the simulations, we found that
the two peaks around 6.6 and 7 T correspond to the first
satellite peaks of 139La NMR spectrum split due to the
appearance of the internal magnetic field. The internal
magnetic field µ0Hint determined by the splitting of the
two peaks shown by the arrows in Fig. 1 (a) is plotted in
Fig. 1 (c). In the undoped LaFeAsO, we previously ob-
served µ0Hint determined from
139La NMR spectra be-
low TN ≃ 142 K,
14 which is shown by the closed circles
in Fig. 1 (c). The dashed line in Fig. 1 (c) is a fitting
to the expression, M(T )/M0 = [1 − (T/TN)]
0.15, where
M is the ordered moment. The growth of M(T )/M0 be-
low TN is much steeper than 3D mean field value (0.5),
and the transition to the antiferromagnetic state is al-
most first-order like. This is consistent with the previ-
ous µSR experiments as shown by the open circles.17 In
contrast, for x = 0.04, there is no obvious splitting but
only a slight broadening of the NMR spectrum appears
as shown in Fig. 1 (b). Thus, the half width at half max-
imum (HWHM) of the central peak of x = 0.04 is plotted
in Fig. 1 (c). The gradual increase in HWHM suggests
the occurrence of magnetic order with reduced moment
below 30 K for x = 0.04. To confirm this magnetic or-
dering, we measured NMR spectrum at the As site for
x = 0.04, since the hyperfine coupling at the As site is
larger than that at the La site, and thus larger broaden-
ing is expected. Indeed, a broadening of HWHM of the
central peak was observed in the 75As NMR spectrum as
shown in Fig. 2. In addition, a peak in 75As (T1T )
−1 at
30 K due to the slowing down of AF spin fluctuations as
shown below (see Fig. 5 (a)) also evidences a magnetic or-
dering at x = 0.04. From the broadening behavior of the
central peak of the 139La NMR spectra, we estimated the
upper bound for the internal magnetic field for x = 0.04
as µ0Hint ≤ 0.01 T, which is much smaller than µ0Hint of
≃ 0.38 T for x = 0.025. From the F doping dependence
of µ0Hint at low temperatures, we found that the ordered
moments abruptly decrease at around x = 0.04, which is
consistent with previous results.18–20
Next, we discuss anisotropic behavior of T1 in
LaFeAs(O1−xFx) revealed by
75As NMR measurements.
In order to obtain the anisotropy of T1, we aligned our
powdered samples. All our samples were mixed with Sty-
cast 1266 epoxy, and allowed to cure in 5.5 T at room
temperature. Due to the anisotropy of magnetic sus-
ceptibility, the powdered samples were partially aligned
with the c axis perpendicular to the applied field (“two-
dimensional alignment”). Figure 3 displays 75As NMR
spectra of the aligned powder of LaFeAsO above TS ob-
tained by sweeping magnetic field perpendicular to the
plane where the c axis is randomly distributed (solid line)
and parallel to the plane (dotted line). A peak at about
5.55 T corresponding to H ‖ c was clearly observed,
and similar spectra were observed for x = 0.025 and
0.04. 75As 1/T1 was measured at each central line for
H ‖ ab and c. T1 was measured with a saturation recov-
ery method, and was fitted with a single component in
a whole measured temperature range except in x = 0.04
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FIG. 1: (Color online) 139La NMR spectra for (a) x =0.025
and (b) 0.04. The arrows indicate the splitting due to the
internal magnetic field. The pair of the peaks at 6.6 T and 7
T corresponds to H ‖ c, whereas the peak near 6.8 T corre-
sponds to H ‖ ab due to partial alignment of the x = 0.025
powder sample. For x = 0.04, there is no obvious splitting
but only a slight broadening is observed, indicating a tiny
ordered moment at x = 0.04. The dotted lines are simu-
lated spectra for (a) a partially aligned powder pattern with
µ0Hint = 0.38 T and νQ = 1.3 MHz, and (b) a powder pattern
with µ0Hint = 0.01 T and νQ = 1.2 MHz. (c) T -dependence
of the internal magnetic field at the La site determined by the
139La NMR spectra.
below 30 K.14
As shown in the upper panel of Fig. 4, (T1T )
−1 for H ‖
ab increases rapidly on cooling and exhibits a pronounced
peak at TN , which is consistent with our previous
139La-
NMR results.14 In contrast, (T1T )
−1 for H ‖ c increases
gradually on cooling and exhibits a tiny bump at TN .
The anisotropic behavior of (T1T )
−1 is clearly seen in the
lower panel of Fig. 4 where the anisotropy of T1 defined as
(T1)
−1
H‖ab/(T1)
−1
H‖c is plotted. The anisotropy is constant
at high temperatures, but starts to increase at around
170 K, indicating that fluctuating hyperfine fields at the
75As site become anisotropic below approximately 170 K.
Interestingly, the tetragonal-to-orthorhombic structural
phase transition temperature TS inferred from the lattice
constants coincides with the temperature at which the
anisotropy of T1 starts to develop. This indicates that
the structural phase transition has a strong impact on the
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FIG. 2: (Color online) Half width at half maximum of the
center line of 75As NMR spectra for x = 0.04, which are
shown in the inset.
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FIG. 3: (Color online) 75As NMR spectra of the central tran-
sition for an aligned powder sample of LaFeAsO obtained by
sweeping magnetic field perpendicular to the plane where the
c axis is randomly distributed (solid line) and parallel to the
plane (dotted line) above TS .
spin dynamics, and that measurements of the anisotropy
can be utilized as an indicator of the structural phase
transition.
Similar anisotropic behavior of T1 was observed for
x = 0.025 as shown in Fig. 5. A pronounced peak was
observed for H ‖ ab at ∼120 K for x = 0.025, and the
anisotropy of T1 starts to increase below approximately
140 K which we identified as TS for x = 0.025. In fact,
previous specific heat measurements have detected an
anomaly around 140 K.11 By contrast, although a peak
related to TN was observed in (T1T )
−1 for H ‖ ab at
∼ 30 K in x = 0.04, such a significant increase in the
anisotropy of T1 was not observed for x = 0.04, but the
anisotropy increases very gradually on cooling, prevent-
ing us from determining TS . The absence of a pronounced
FIG. 4: (Color online) T -dependence of 75As (T1T )
−1 for
H ‖ ab and c (upper panel), and the anisotropy of T1 defined
as (T1)
−1
H‖ab/(T1)
−1
H‖c along with the lattice constants and the
square of the ordered moment21 (lower panel). The anisotropy
starts to increase below TS as inferred from the change in the
lattice constants.12
signature of TS may be naturally understood by the dis-
tribution of TS because the x = 0.04 sample locates at
around the phase boundary.22
Here, we analyze the T1 data following previous stud-
ies.16,23 Hyperfine fields at the 75As site, HAshf , can be de-
scribed as the sum of contributions from the four nearest
neighbor Fe spins,
H
As
hf =
4∑
i=1
Ai · Si = A˜S, (1)
where Si is the Fe electron spin at the i-th Fe site, Ai
is the hyperfine coupling tensor to the electron spin at
the i-th Fe site, and A˜ is the hyperfine coupling tensor
ascribed to the four nearest neighbor Fe electron spins.
As shown previously,16,23 A˜ can be described as follows
in the orthorhombic notation:
A˜ =


Aa C B1
C Ab B2
B1 B2 Ac

 . (2)
Ai originates from paramagnetic (PM) correlations along
i-axis. B1[2] originates from the stripe (pi, 0) [(0, pi)] AF
correlations and C originates from the checkerboard (pi,
pi) AF correlations. As discussed in the previous pa-
pers, if the stripe correlations dominates the system like
LaFeAsO,24 the ratio of (T1)
−1
H‖ab/(T1)
−1
H‖c can be written
as,
(T1)
−1
H‖ab
(T1)
−1
H‖c
=
∣∣∣∣
Sa(ωres)
Sc(ωres)
∣∣∣∣
2
+
1
2
(3)
4(a)
(b)
FIG. 5: (Color online) T -dependence of (a) 75As (T1T )
−1 for
H ‖ ab and H ‖ c, and of (b) the anisotropy of T1 defined
as (T1)
−1
H‖ab
/(T1)
−1
H‖c
for LaFeAs(O1−xFx) (x =0, 0.025, and
0.04) along with our previous NMR results for x = 0.07, 0.11
and 0.14.23 The solid (dotted) arrows indicate TN (TS).
where (T1)
−1
H‖ab =
(T1)
−1
H‖a
+(T1)
−1
H‖b
2 and |S(ω)|
2 denotes
the power spectral density of a time-dependent random
variable S(t). The ratio becomes 1.5 if the Fe spin fluc-
tuations are isotropic (|Sa| = |Sc|) while the ratio be-
comes much larger than 1.5 if Fe spin fluctuations are
highly anisotropic (|Sa| ≫ |Sc|). Note that the ratio of
1.5 suggesting the presence of the stripe AF correlation
has been reported in various iron-based superconductors,
which seems to be a common feature of the superconduc-
tors.23,25–29
The anisotropy of T1 is approximately 1.5 at high tem-
peratures for all the samples, and increases suddenly be-
low TS as shown in Fig. 5 (b). The above analysis indi-
cates that the stripe AF fluctuations with the isotropic
Fe spin component in the spin space are present above
TS, and that the spin component becomes anisotropic
below TS ; Fluctuations of Fe spins in the ab-plane be-
come more significant than along c-axis below TS. This
indicates that the tetragonal-to-orthorhombic structural
transition enhances the anisotropy of the spin space via
strong magnetoelastic coupling and/or spin-orbit inter-
action. A similar abrupt increase in the anisotropy of
T1 below a tetragonal-to-orthorhombic structural transi-
tion temperature was observed in NaFeAs with the “111”
structure,30,31 which undergoes the structural transition
followed by an AF transition at a lower temperature as
in LaFeAsO. Thus, the sudden increase in the anisotropy
of T1 below TS, indicating the enhanced anisotropy in
the spin space, can be observed in compounds with the
separation of TN and TS. Indeed, the “122” parent com-
pounds, where these two transitions take place simulta-
neously, do not exhibit such an abrupt increase in the
anisotropy of T1.
32 We note that an enhancement of the
anisotropy in the spin space was not observed but the
anisotropy ratio of 1.5 was observed in the supercon-
ducting LaFeAs(O1−xFx) (x ≥ 0.07) with the tetragonal
structure as shown in Fig. 5 (b).23 This suggests that the
stripe AF correlation is essential for superconductivity in
iron-pnictide superconductors.23
In conclusion, we report 75As and 139La NMR results
of the undoped and underdoped LaFeAs(O1−xFx) (x =0,
0.025, and 0.04). F-doping suppresses the AF and struc-
tural phase transition temperature very rapidly, and the
first-order-like transition against F content is observed.
Such a sudden disappearance of the ordered phases is in
quite contrast with the Ba122-type iron-based supercon-
ductors such as Ba(Fe, Co)2As2 and BaFe2(As, P)2.
33,34
In the paramagnetic phase of x = 0 and 0.025, (T1T )
−1
becomes more anisotropic below the structural phase
transition temperature. This indicates the presence of
the strong magnetoelastic coupling and/or spin-orbit in-
teraction in LaFeAs(O1−xFx).
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